The optical properties of plasmonic nanoparticles in the size range corresponding to the electrostatic, or dipole, limit have the potential to reveal effects otherwise masked by phase retardation. Here we examine the optical properties of individual, sub-50 nm hollow Au nanoshells (Co-HGNS), where Co is the initial sacrificial core nanoparticle, using single particle total internal reflection scattering (TIRS) spectroscopy. The residual Co present in the metallic shell induces a substantial broadening of the homogeneous plasmon resonance line width of the Co-HGNS, where the full width at half-maximum (fwhm) broadens proportionately with increasing Co content. This doping-induced line broadening provides a strategy for controlling plasmon line width independent of nanoparticle size, and has the potential to substantially modify the relative decay channels for localized nanoparticle surface plasmons.
Introduction
Plasmonic nanoparticles are currently of widespread interest as wavelength tunable nanoscale optical components, where both size and geometry provide important mechanisms for coupling to light. For spherical nanoparticles, an increase in nanoparticle size results in a redshifting of the dipole resonance and the appearance of additional plasmon resonances at higher frequencies. For nanoparticles of more complex geometries, plasmon resonances become a function of both size and shape. Conversely, nanoparticle size and geometry can be adjusted to maintain a constant plasmon resonance frequency in some plasmonic nanoparticles over a relatively large particle size range. (1) While much attention has been paid to the tuning of plasmon resonance energies, far fewer studies have examined mechanisms for controlling nanoparticle plasmon line widths and line shapes. For the dipolar plasmon mode of a metallic nanosphere, the line width changes with increasing nanoparticle size, a characteristic signature of a bright plasmon mode. A direct comparison of the plasmon line shapes of individual nanorods and nanospheres showed the inherently narrower line shape characteristic of nanorods due to the absence of overlapping interband transitions.(2) For complex plasmonic clusters, the line shape broadening of superradiant plasmon modes can result in the energetic overlap of bright and dark plasmon modes, resulting in Fano resonant line shapes and the plasmonic analogue of electromagnetically induced transparency. (3) (4) (5) (6) For individual nanoparticles in the electrostatic limit, the homogeneous line width of a plasmon is inversely proportional to the plasmon lifetime. Plasmons have both radiative (7) and nonradiative(8-10) decay channels. For radiative decay, the plasmon decays into a photon. (11) For nonradiative decay, the plasmon decays by generating phonons and energetic electron-hole pairs. (12) Hot electron-hole pair generation due to plasmon decay can be used for optically generated carrier injection in photodetector devices, (13) has been directly shown to facilitate photocatalytic reactions on plasmonic substrates, (14, 15) and may facilitate DNA release at nanoparticle surfaces for light-triggered gene delivery.(16) Alteration of the plasmon line width of a nanoparticle is an indirect indication of a modification of its plasmon decay channels and may, for example, provide a route to more efficient hot carrier generation in specific plasmonic nanosystems.
Here we examine the effect of Co inpurities on the plasmon line shape of individual hollow gold nanoshells (Co-HGNS) with particle diameters of nominally 50 nm. When HGNS are synthesized by a galvanic replacement reaction where a sacrificial core nanoparticle is oxidized simultaneously with the reduction of a metallic layer on the nanoparticle exterior, the resulting nanoparticle retains some of the residual metal of the initial sacrificial core nanoparticle. (17) (18) (19) While many studies have been reported on the ensemble optical properties of HGNS synthesized with a variety of sacrificial metal cores, very few single nanoparticle measurements have been performed, most notably surface enhanced Raman scattering (SERS) on individual HGNS nanoparticles. (20) The optical absorption of these nanoparticles has not been studied at the single particle level. This is primarily because of their small size. Single particle spectroscopies have generally been based on dark field illumination, where light scattered from the nanoparticle is detected, but nanoparticles of nominally 50 nm in diameter have small scattering cross sections and are difficult to observe by this approach, while hollow nanoparticles of this size are virtually undetectable. Alternative approaches to optically probe ultrasmall nanoparticles are being developed.(21) Here we employ total internal reflection scattering (TIRS) microscopy, which has an enhanced sensitivity to weakly scattering nanoparticles in this small size range. (22) At an angle greater than the critical angle, light is totally internally reflected at the surface of a sample and an evanescent wave is propagated along the surface. This evanescent wave can be scattered into free space by the nanoparticle, resulting in a high contrast signal with the absence of a signal from the substrate. With enhanced sensitivity using TIRS, particles as small as 20 nm can be resolved. The novelty of the TIRS system is the ability to isolate the NP scattering from the substrate scattering and to more efficiently excite the nanoparticles to provide better detection and resolution of particles with small scattering cross sections. By examining individual Co-HGNS particles, we observe that their dipolar plasmon line widths are sensitive to the presence of residual Co in the metallic layer. The line shape broadening scales linearly with the quantity of Co incorporated into the nanoparticle, and is well described by a straightforward theoretical model. This finding shows that impurities can provide a potential mechanism for controlling and tuning plasmon line shapes, which may find applications in tailoring plasmon decay channels for nanoparticles in this ultrasmall size range.
Co-HGNS were synthesized by coating cobalt (Co) nanoparticles with gold (Au) in an O 2 free environment, similar to previously published methods. (23, 24) Briefly, to a deaerated solution of 0.01 M sodium citrate trihydrate (Na 3 C 6 H 5 O 7 ·3H 2 O) and 0.4 M cobalt chloride hexahydrate (CoCl 2 ·6H 2 O), 1.0 M sodium borohydride (NaBH 4 ) was added, and mixed using a mechanical stirrer (use of a magnetic stir bar induces magnetism and causes chain formation (25) ). NaBH 4 reduces the cobalt ions in solution: Cobalt nanoparticles (CoNPs) are known to exhibit a strong field-dependent magnetization and to align themselves into (magnetic) dipole chains (28, 29) (Figure 1Ai ). The Co-HGNS synthesis procedure prevents chain formation at the earliest stages by rapid vortexing; subsequent exposure of the solution during Au reduction to ambient air oxides the nanoparticle core, further reducing its magnetic response (Figure 1Aii , Aiii). (26, 30) Transmission electron microscopy (TEM) images of the synthesized nanoparticles reveal a porous Au shell, allowing Co to diffuse out of the inner core region ( Figure S1 , Supporting Information). (27) The air/Co interface readily oxidizes while the Au shell grows over time. Since the Au shell grows rapidly at relatively high concentrations, a mixture of Co 2 O 3 and Co is trapped in the Co-HGNS with larger shell thicknesses; residual Co 2 O 3 also remains on the surface of the nanoshell and in solution ( Figure S2 , Supporting Information).(31) Multiple centrifugation cycles greatly reduce the presence of Co 2 O 3 in solution but do not remove residual cobalt from inside the nanoshell. Variations in nanoparticle size from 20 to 100 nm can be obtained using this synthetic procedure by varying the reducing agent concentration. Energydispersive X-ray (EDX) measurements were obtained using a 200 kV JEOL 2100f field emission TEM ( Figure 1B ). Correlating the TEM images with the EDX measurements reveals that Co:Au ratios obtained at the center of the nanoparticle vary with shell thickness. Elevated amounts of Co were consistently measured for nanoparticles consisting of thicker shell layers, which could possibly be attributed to a reduction in shell porosity. These measurements indicate that the volume fraction of Co, ranging from 0 to 30%, can be controlled by modifying shell thickness. Due to the presence of residual Co in the nanoparticles, we investigate the fielddependent magnetization properties of Co-HGNS. Field-dependent magnetization was measured at T = 5 K and T = 300 K ( Figure 1C ) (collected using a Quantum Design Magnetic Property Measurement System (QD MPMS, MPMS XL/Quantum Design, Inc.)). As expected for ferromagnetic nanoparticles, the magnetization for the CoNP displays hysteresis at both T = 5 and 300 K, and shows coercive field values of HC = 60 and 40 Oe, respectively. Both isotherms show a rapid increase of the magnetization with the applied field, indicating that the ferromagnetic ground state persists above 300 K. The Co-HGNS display hysteresis at T = 5 K, with the coercive field HC reduced to 10 Oe satisfying superparamagnetic conditions. The corresponding magnetic field at 300 K is linear to 7 T, indicating that the paramagnetic state for Co-HGNS has been reached at this temperature. These results show that the coercivity of Co-HGNS is smaller than CoNP at the same temperature. (30) By measuring the Co content using EDX at various positions on an individual nanoshell, the percentage of Co appears to be nearly the same ( 20%), suggesting that the Co is homogeneously distributed throughout the nanoshell ( Figure S3 , Supporting Information). For this relatively high volume fraction of Co, the weak magnetization signal verifies that a large portion of the residual Co is antiferromagnetic Co 2 O 3 . In order for Co to maintain its magnetic properties in ambient air, Co 2 O 3 forms a self-terminating layer which serves as a protective barrier for the core to prevent further oxidation. (32) Since the presence of hysteresis verifies that the innermost core of the particle is magnetic Co, we conclude the inner particle geometry is also composed of oxide. The final geometry likely consists of a magnetic Co core surrounded by Co 2 O 3. This complex is coated by a porous Au shell, which allows excess Co 2 O 3 to permeate through the shell.
Single particle scattering measurements were performed with a custom-built TIRS microscope (Figure 2A) . Unpolarized light from a halogen lamp was focused using an oilimmersion dark-field condenser (Zeiss, N.A. = 1.40). Scattered light was collected by a 50× airspaced objective (Zeiss Epiplan-Neofluar, NA = 0.8) and focused onto either an avalanche photodiode detector (APD, PicoQuant) or a CCD camera (Horiba Jobin Yvon). Due to a high incident angle of 67° (larger than the critical angle of 41° at the glass-air interface), the excitation in the total internal reflection geometry greatly reduces background scattered light and significantly increases the scattering field. Scattering images of the nanoparticles were acquired by scanning the sample with an XY piezo scanning stage (Physik Instrumente) across a 50 μm pinhole located at the first image plane of the microscope. A LabView interface was designed to synchronize the stage movement and the data acquisition. Generally, the APD was used to image the sample. A typical image was composed of 128 × 128 pixels with an integration time of 5 ms/pixel. Single particle spectra were collected by guiding the light toward a liquid nitrogen cooled CCD camera attached to a spectrograph (Horiba Jobin Yvon). All measured single particle spectra were corrected for background scattering and normalized by the intensity of the incident light.
Co-HGNS were drop-cast onto a patterned TEM grid with a 30 nm layer of Formvar film (SPI Supplies) and were located and characterized by TEM initially, both to locate and to verify that isolated single nanoshells were being studied. The patterned TEM grid was then used to locate the same nanoshell under the optical microscope. The grid with particles facing outward was layered with a glass slide in contact with the dark field condenser (Figure 2A, inset) . Indexmatching oil was used to ensure total internal reflection at the air-Formvar film interface. Images of three Co-HGNS with diameters of 40 nm recorded by TEM, TIRS microscopy, and conventional dark-field microscopy in a reflectance geometry are shown in Figure 2B . For identical integration times and detection conditions, scattering from the Co-HGNS detected with the TIRS microscope was not detected using the same microscope in a reflected light dark-field excitation configuration with an identical collection objective (NA of 0.8 for both TIR and reflected light dark-field geometries; NA > 0.94 for dark-field excitation). Solid gold nanoparticles with an average diameter of 22 nm can even be detected with our TIRS microscope ( Figure S5 , Supporting Information). To further illustrate the higher detection sensitivity achieved with TIR vs reflected light dark-field excitation, Figure S6 (Supporting Information) shows SLR camera images obtained again under the same conditions (lamp intensity, collection NA, sample area, and camera integration time) for solid gold nanoparticles with a mean diameter of 70 nm excited using dark-field ( Figure S6A ) and TIR ( Figure S6B ) geometries. Nanoparticles, and more likely aggregates, are visible in both images, but single nanoparticles based on their green color are only detectable for TIR excitation for the selected integration time, illustrating that TIR excitation conditions are more sensitive. (A) Total internal reflection scattering (TIRS) spectroscopy system allowing high sensitivity for imaging small nanoparticles that are weak scatterers. Inset: a magnification of the TIR excitation condition for the multilayered sample with index matching oil. (B) Correlated electron and optical microscope images of the same areas: (i) TEM image, (ii) TIRS image, and (iii) reflected dark field image illustrating increased sensitivity obtained using TIRS. The bright spot in the upper right-hand corner of part iii is due to increased background scattering, which is suppressed in TIRS mode and allows for the detection of the nanoparticles in (ii). The background in the upper right corner in (iii) is likely due to the copper TEM grid, which is absent in (ii) because the light is incident from different sides in (ii) vs (iii) and hence background irregularities contribute differently depending on which side of the sample they are present.
The scattering spectra of the LSPR dipolar mode of several individual Co-HGNS and Au nanospheres varying in size and Co content are shown in Figure 3 . The Co-HGNS show significantly more broadening than Au nanospheres of similar size. For example, for 50 nm diameter nanoparticles, the Co-HGNS displays a full width at half-maximum (fwhm) amplitude of 0.44 eV, while the Au nanosphere has a fwhm of 0.27 eV ( Figure 3A ). For nanoparticles with a diameter of 100 nm, the Co-HGNS has a fwhm of 0.66 eV, while for the Au nanosphere a fwhm of only 0.33 eV was observed ( Figure 3B ). While the spectral line widths vary significantly for the Co-HGNS sampled, only minimal variations in the mean position of the spectral maximum were observed.
The larger FWHMs of the Co-HGNS quite likely indicate plasmon damping related to the presence of Co impurities. A pair of HGNS, nearly identical in size at approximately 35 nm, have a visibly noticeable variation in volume fraction of Co. As shown in Figure 3C , the particle with the greater volume of Co (magenta) results in a broader line width, 0.36 eV, which is greater than that of the HGNS with less Co (green), 0.31 eV.
The broadening of the Co-HGNS can be explained by examining the dielectric functions of Au and Co directly ( Figure S4 , Supporting Information). The real part of the dielectric function is related to the polarization of the material, and will affect the peak position. Within the energy region of interest, the real parts of the dielectric functions of both materials are quite similar. Therefore, it is not surprising that the presence of Co does not shift the surface plasmon energy significantly. However, Co does have a noticeably larger imaginary component of the dielectric function in this energy range. Physically, the imaginary part of the dielectric function corresponds to absorption and to ohmic heating. Due to the greater absorption relative to pure Au, it is possible that electron-hole generation may increase along with increased energy dissipation, corresponding to the plasmon peak broadening with increasing Co content.
The lifetime of the plasmon can be deduced by the homogeneous spectral width of the nanoparticle spectrum(2) where a broader spectral line width corresponds to a shorter plasmon lifetime. In the case of Co, the enhanced absorption comes from pronounced interband transitions. These interband transitions result in the creation of electron-hole pairs and additional nonradiative decay channels, damping the resonance considerably. This process is also referred to as internal damping, where excited plasmons can, for example, decay into highly energetic electron-hole pairs due to a transfer of energy, resulting in SPR broadening.(33) Figure 3 . Experimental scattering spectra of (A) 50 nm Au colloid (black), 50 nm HGNS (red), (B) 100 nm Au colloid (blue), 100 nm HGNS (cyan), and (C) 35 nm HGNS with greater (magenta) and smaller (green) volume fractions of Co were obtained using TIRS, shown with their corresponding TEM images. Each spectrum corresponds to a Gaussian function (dark green).
To further investigate the increased damping due to the Co impurities, Mie theory simulations were performed. We model the structure as a hollow core with a mixed Au-Co shell, embedded in a vacuum. The dielectric functions of Au and Co were obtained from refs 34 and 35. The Bruggeman formula is used to obtain an effective dielectric function of the shell.(36) Figure 4A shows the resulting normalized scattering cross section for a nanoshell of inner radius 30 nm and outer radius 33 nm with varying volume fractions of Co. The theoretical nanoshell dimensions were adjusted to keep a constant peak position of 2.23 eV. As the percentage of Co increases, the width of the scattering resonance also increases (Figure 4) . The inset plots the exact fwhm of the scattering resonance as a function of Co percentage. This systematic broadening of the plasmon line shape with alloying is a property of the combination of Au and Co dielectric functions. In a recent study examining the effect of alloying in the Au-Ag alloyed hollow nanoshells using the same approach, no line shape broadening was observable as a function of metal composition. (1) Another important parameter that may influence the plasmon line shape, the presence of surface defects on the nanoparticle, was also analyzed in this study. (1) It was shown that, while multiple defects may induce a slight redshift of the plasmon resonance relative to a pristine geometry, the presence of multiple defects has virtually no contribution to line width broadening in the Au-Ag hollow nanoshell case. On the basis of this study, we infer that the presence of surface defects in the Au-Co hollow nanoshell would also not contribute to a broadening of the plasmon line shape. A comparison of the experimentally measured line widths and those obtained using Mie theory is shown in Figure 4B . Samples from three batches of nanoparticles with varying percentages of cobalt (0, 17.4, and 32.3%) were analyzed using TEM for nanoparticle imaging, EDX for determining Co content of the candidate nanoparticles, and TIRS spectroscopy to obtain the scattering spectra. TEM initially confirmed a single particle of interest with the desired spherical geometry, to avoid nanoparticle chains or aggregates. The fwhm is plotted with respect to Co content for each single particle. Error bars show the observed fwhm variation in multiple single particles measured. The experimental results for 0% are actually solid Au nanospheres, since measurable Co impurities were present in all HGNS studied. The 32.3% Co case has no error bar in the y-direction because this Co concentration appears to be the maximum volume fraction of Co in a single particle and, as a result, only one particle was measured in this case (i.e., spherical nanoparticles were difficult to obtain in this Co impurity percentage range). The theoretical fwhm of mixed Au-Co nanoshells are plotted in blue, and show good agreement with the experimental trends observed.
Conclusion
The presence of Co in HGNS nanoparticles in the nominally 50 nm diameter size range results in a significant broadening contribution to the homogeneous plasmon resonance line width. This broadening was identified in this study using TIRS spectroscopy on individual Co-HGNS particles. TIRS offers high contrast images where even ultrasmall and weakly scattering particles are clearly detectable below the detection limits of dark field microspectroscopy. The impurity-induced plasmon damping observed here may provide a mechanism for increasing hot electron generation in plasmonic nanoparticles. This topic is of keen current interest for applications of plasmonic nanoparticles in photocatalysis.
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